
SOOT DEPOSITION FROM ETHYLENE/AIR FLAMES AND THE ROLE OF AROMATIC 
INTERMEDIATES. Joanne M. Smedley and Alan Wi l l iams.  Department o f  Fuel 
and Energy, Leeds Un ivers i ty ,  Leeds, LS2 9JT, UK. 

ABSTRACT 

The fo rmat ion  o f  soot i s  o f  i n t e r e s t  as a p o l l u t a n t  b u t  a l s o  because i t  forms 
depos i ts  i n  combustion chambers. I n  t h i s  work a McKenna f l a t  flame, water-  
cooled, premixed burner was used t o  study soot d e p o s i t i o n  f rom two r i c h  
e thy lene/a i r  flames (qi = 2.52, qi = 2 . 7 6 ) .  Rates o f  soot depos i t ion  f o r  bo th  
cooled copper and uncooled s t a i n l e s s  s t e e l  surfaces were inves t iga ted .  Soot 
samples f rom these experiments were analysed f o r  PAH by so lvent  e x t r a c t i o n .  
Temperature p r o f i l e s  were taken using Pt/Pt 13% Rh thermocouples. A quar tz  
microprobe sampling system was used i n  conjunct ion '  w i t h  a gas chromatograph t o  
determine t h e  concent ra t ion  p r o f i l e s  o f  aromatic and polyaromat ic species i n  t h e  
depos i t ion  reg ion .  Experimental r e s u l t s  i n d i c a t e  t h a t  soot d e p o s i t i o n  occurs by 
a thermophoret ic mechanism when cooled surfaces are  used and t h a t  soot d e p o s i t i o n  
r a t e s  increase as samples are  taken f u r t h e r  i n  t h e  f lame zone. I f  uncooled 
surfaces are  used then d i r e c t  surface depos i t ion  takes p lace.  The chemical 
mechanisms invo lved are discussed. 

INTRODUCTION 

The fo rmat ion  and depos i t ion  o f  soot i n  any combustion system i s  undesirable.  
Soot depos i ts  can have adverse e f f e c t s  on heat t r a n s f e r  c h a r a c t e r i s t i c s  o r  
combustion behaviour which can cause performance o r  f a i l u r e  problems i n  a range 
o f  systems from rocket  engines t o  d i e s e l s .  The emission o f  soot p a r t i c l e s  from 
combustion chambers i n t o  the  atmosphere i s  a l s o  o f  environmental concern due t o  
the  f a c t  t h a t  soot p a r t i c l e s '  can conta in  s i g n i f i c a n t  concent ra t ions  o f  PAH. 
There i s  thus a need t o  accura te ly  p r e d i c t  under what cond i t ions  soot fo rmat ion  
w i l l  occur and t o  q u a n t i f y  the  amount o f  soot deposi ted i n  any p a r t  o f  a 
combustion system. 

Over recent  years more progress has been made i n  understanding the  chemical r o u t e  
o f  soot format ion b u t  work i n  t h i s  area i s  d i f f i c u l t  due t o  the  complex 
i n t e r a c t i o n  o f  aromatic species i n  soot ing  flames ( 1 - 5 ) .  H a r r i s  e t  a1 ( 1 )  have 
attempted t o  model s i n g l e  r i n g  aromat ic species b u t  have o n l y  succeeded i n  
model l ing benzene because o f  the  complexi ty of the  subsequent growth steps. They 
encountered the  problem t h a t  most o f  t h e  r a t e  constant data must be est imated 
since absolute values are  no t  ava i lab le .  Minor species such as C,H, have been 
accura te ly  modelled by M i l l e r  e t  a1 ( 2 )  and H a r r i s  e t  a1 (3 )  as more r e l i a b l e  
data a re  a v a i l a b l e  f o r  these species. Even though these models e x i s t ,  many gaps 
remain i n  the  mechanism o f  the  subsequent steps lead ing  t o  soot format ion.  
Whi ls t  acetylene i s  recognised as a major growth species the-e i s  u n c e r t a i n t y  
about the  l e v e l  o f  p a r t i c i p a t i o n  o f  t h e  PAH species. Soot d e p o s i t i o n  onto a 
cooled surface has been r e c e n t l y  i n v e s t i g a t e d  by Make1 and Kennedy (4)  using a 
l a s e r  d i a g n o s t i c  technique t o  measure soot depos i t  th ickness and f r e e  stream soot 
concentrat ions.  A numerical model t o  make p r e d i c t i o n s  o f  soot d e p o s i t i o n  r a t e  
was a lso  developed by them. 

EXPERIMENTAL METHODS 

Two r i c h  e thy lene/a i r  flames (qi = 2.52 and qi = 2.76)  were s tud ied  us ing  a f l a t  
flame, water-cooled, premixed burner (McKenna Indus t r ies ) .  The gas f lows i n  
l i t r e s / m i n u t e  f o r  the  4 = 2.52 f lame were 0, = 2.22, N, = 8.36 ,  C,H, = 1 . 7 9  and 
the  f lows f o r  t h e  4 = 2.76 flame were 0 - 2.36, N, = 8.90 ,  C,H, = 2.09 .  To 
i n v e s t i g a t e  soot depos i t ion  r a t e s  an uncoo5ed s t a i n l e s s  s tee l  p l a t e  and a cooled 
copper p l a t e  were used t o  support s t a i n l e s s  s t e e l  and copper sample squares 
r e s p e c t i v e l y  w i t h i n  the  flame. The sample p l a t e  dimensions were approximately 
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10 mm x 10 mm x 2 mm. Four flame heights  were of i n t e r e s t ,  these were 5, 10, 15 
and 20 mm above the  burner surface. A t  each height weighed sample p la tes  were 
inser ted in to  the  flame f o r  in te rva ls  of 15 seconds (from 15 t o  75 seconds) and 
were reweighed a f t e r  t o  give the  weight of soot produced. 

The PAH content of some of the  soot col lected was determined using a solvent 
extract ion process. Deposited soot from the metal p la te  and f r e e  steam soot 
which was co l lec ted  on a Whatman g l a s s  microf i l te r  GF/C paper from both flames 
was analysed using a pyrolysis chromatography. A Perkin Elmer 8320 gas 
chromatograph f i t t e d  w i t h  a Quadrax 007' s e r i e s  fused s i l i c a  capi l la ry  column was 
coupled w i t h  a CDS Pyroprobe t o  desorb hydrocarbons from the soot. Approximately 
2.5 mg of soot i s  heated a t  a r a t e  of 0.1.C per millisecond up t o  600'C. A 
quartz  microprobe with a 6 mm outs ide diameter s imi la r  t o  t h a t  used by Harris e t  
a1 (3) was used t o  obtain gas samples a t  various heights above the burner surface 
and a syringe method was used t o  t r a n s f e r  samples in to  a gas chromatograph 
(Perkin Elmer 8700 gas  chromatograph f i t t e d  with a J & W megabore GS-Q column). 

RESULTS AND DISCUSSION 

Soot DeDosition 

Figures 1 and 2 give typical  experimental data  for  the r a t e  of soot deposition 
f o r  the uncooled and cooled p la tes .  In these each l i n e  represents d i f fe ren t  
sampling heights above the  burner. As expected the  deposition r a t e  of soot 
increases on an uncooled s ta in less  s tee l  p la te  as t h e  plate  i s  moved ver t ica l ly  
away from the burner surface.  However the deposition r a t e  of soot a t  20 mm above 
the burner surface i s  l e s s  than the deposition r a t e  a t  15 mm above the burner 
surface when the  water cooled copper p l a t e  i s  used. This was found t o  occur i n  
both flames (6 = 2 . 5 2  and 6 = 2.76) .  I t  has been observed tha t  the ul t imate  soot 
load on sample squares i s  approximately 0.7 mg regardless which p l a t e  i s  used. 
For the uncooled p l a t e  a 0.7 mg soot load occurs a t  20 mm b u t  when using the 
water cooled p l a t e  a soot loading of 0.7 mg i s  achieved a t  15 mm when both had 75 
seconds exposure in t h e  flame. I t  i s  thought t h a t  above 0.7 mg the soot  load i s  
too great  and the  soot  breaks off  and i s  dispersed back into the flame. This i s  
why a reduced soot deposi t ion r a t e  is  seen f o r  the  20 mm height samples when 
using the water-cooled p la te .  In general ,  f o r  both p la tes  the soot deposition 
r a t e s  are  grea te r  f o r  the 4 = 2.76 flame a t  a l l  heights than f o r  t h e  6 = 2.52 
flame. The exception f o r  the  metal p la te  i s  a t  20 mm. Similar ra tes  a re  
experienced f o r  both flames a t  t h i s  height and this again suggests t h a t  there  i s  
a l imi t  t o  the  amount of soot  t h a t  can be deposited under these conditions. 

When comparing the  r e s u l t s  from the uncooled p la te  and water cooled p l a t e  f o r  4 = 
2.52 flame i t  can be seen t h e  soot deposition r a t e  a t  10 mm above the  burner 
surface f o r  the uncooled p l a t e  i s  much l e s s  than the soot deposition a t  the same 
height f o r  the  cooled p la te .  For example, a t  75 seconds a soot load of under 0.1 
mg i s  recorded for  the uncooled p la te .  Whereas on t h e  water cooled p l a t e  a soot 
load of approximately 0.4 mg i s  recorded a t  75 seconds. The.same i s  noticed a t  
15 mm above the burner surface a t  75 seconds. The uncooled p la te  has a soot load 
of 0.4 mg while the  cooled p l a t e  has a soot load of 0.55 mg. This is  consis tent  
w i t h  the thermophoretic t ranspor t  o f  soot par t ic les .  From the r e s u l t s  i t  a l so  
seems tha t  thermophoresis i s  more prominent a t  lower regions i n  the  flame. This 
may be because the soot  p a r t i c l e s  a re  smaller e a r l i e r  in the  flame and as they 
become la rger  l a t e r  thermophoresis has l e s s  influence on the movement of the soot 
par t ic les .  Make1 and Kennedy ( 4 )  assumed tha t  thermophoresis was t h e  primary 
t ransport  process f o r  soot p a r t i c l e s  (-10 - 100 nm in diameter) although no 
allowance was made f o r  var ia t ion  i n  p a r t i c l e  s i z e .  He a lso  experienced the  
process of resuspension when the  soot load increases  t o  a cer ta in  l i m i t .  This 
was incorporated i n t o  h is  model t o  t r y  and determine t h e  f ina l  soot loading. 
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The soot  mass f lux  t o  the surface can be expressed (4) as  

I 

! 

I 

where p, i s  the  p a r t i c l e  densi ty  (1900 kg/m3), #,j  i s  the  soot volume f rac t ion  a t  
the edge of the  diffusion sublayer and the deposi t  veloci ty ,  V,, i s  equal t o  the 
thermophoretic d r i f t  velocity;V,, given by 

V, = - 0.55  Y d (anT)/dy ( 2 )  

where Y i s  the  v iscos i ty  and which i s  la rge ly  determined by the temperature 
gradient  . 
Experimental deposition r a t e s  were found t o  be 1 x lo-, mg cm2 s a t  15 mm above 

uncooled metal p la te .  This i s  consis tent  with Make1 and Kennedy's experimental 
data although they used a water-cooled cyl inder  t o  c o l l e c t  t h e i r  samples. The 
calculated deposition value f o r  our experiments using t h e i r  theory is  1 . 2  x 
mg/cm2 s f o r  the water-cooled p la te  and 0 . 6  x mg/cm2 s f o r  the uncooled 
plates .  The agreement i s  excel lent .  

PAH Content of the Soots 

Deposited soot samples a t  20 mm above the burner were col lected from both flames 
a f t e r  75 seconds exposure within the flame. These soot samples were analysed in 
the Pyroprobe apparatus. Some r e s u l t s  from t h i s  experiment are  shown i n  Figures 
3 and 4 .  Most of the  peaks in the  chromatograph were ident i f ied  using a standard 
PAH mixture o r  by using retent ion indices  ( 5 - 7 ) .  The major peaks a re  ident i f ied  
i n  Fig. 3. The gas chromatograph r e s u l t s  f o r  both the flames studied were very 
s imilar .  Generally each PAH component was found i n  g rea te r  quant i t ies  in the 
r icher  4 = 2.76 flame. The 4 = 2.52 flame contained much more v o l a t i l e  material 
which i s  expelled from the soot very ear ly  and i s  the  f i r s t  peak. The 4 = 2.52 
also contained more amounts of the la rger  components such as benzopyrenes and 
other  5-ring compounds which occur in the  l a t t e r  par t  of t h e  chromatogram. 
Larger ring compounds also e x i s t  in both flames. 

Free stream soot samples were col lected on t o  Whatman g lass  microfibre f i l t e r s  
were a l s o  analysed using the Pyroprobe system. Results from the 4 = 2.76 flame 
are  shown i n  Figure 4a. The co l lec t ing  conditions f o r  the f ree  stream soot a re  
ident ical  t o  those quoted above f o r  the  deposited soot samples. When comparing 
the r e s u l t s  from the  f r e e  stream.soot and the  r e s u l t s  f o r  the  soot deposited on 
the uncooled p la te  (Figure 4b) i t  i s  noted t h a t  the  f ree  stream soot  always 
contains grea te r  amounts of the 2 and 3 ring compounds such as  acenaphthylene and 
the deposited soot always contains la rger  amounts of the 4 and 5 r ing compounds 
l i k e  pyrene and also 6 and 7-ring compounds. This may be because t h e  f i l t e r  
paper col lect ion i s  a t  a lower temperature which favours the  absorption of the 
smaller v o l a t i l e  gas phase mater ia l .  I f  this is  not the  case there  a r e  important 
implications t o  the a b i l i t y  of soot t o  have varying compositions depending on 
whether i t  i s  in the gas phase o r  deposited on a surface.  

Soot Formation S t e m  

Figure 5 shows the gas composition prof i les  obtained using the quartz  probe 
sampling system. The react ion zone (based on 0, decay) i s  qu i te  extended. 
Figure 6 shows prof i les  of some aromatic species and t h e i r  precursors. The 
r e s u l t s  show t h a t  a s  combustion takes place C,H, and 0 a re  depleted. In Fig. 6 
i t  can be seen t h a t  C,H, peaks a t  about 5 mm above t h e  burner a f t e r  which i t  
lave ls  off  t o  a f a i r l y  constant value between 10 and 20 mm. C,H6 r i s e s  gradually 
a t  about 6 mm and begins t o  f a l l  a t  12 mm. I n i t i a l l y  there  was more C6H6 in the 
4 - 2.52  flame but a t  20 mm there  was more in the 4 = 2.76 flame. Laser beam 
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a t tenua t ion  s tud ies  a t  670 nm ind i ca ted  t h a t  soot format ion began a t  6 nun above 
the  burner. i s  
produced as w e l l  as soot ;  t h i s  i s  cons i s ten t  w i t h  the  f a c i  t h a t  C,H, i s  invoaved 
i n  C,H, formation and i t  i s  genera l l y  considered t h a t  CzHz i s  an impor tant  
precursor  t o  soot format ion.  CtH, and C,H, f a l l  as soot i s  formed and other  
l a r g e r  hydrocarbons a re  produced i n  the flame. I n  F ig .  5 both CO and H increase 
g radua l l y  as the  probe i s  moved away from the  burner surface. I t  was bound t h a t  
H, was i n  g rea te r  concen t ra t i on  i n  the  4 = 2.52  flame and CO was i n  a h igher  
concentrat ion i n i t i a l l y .  0, was only  found i n  small  amounts i n  the  4 = 2.52 
f lame. These increase as combustion takes p lace and are products  o f  ox ida t i on  
reac t i ons .  These t rends  were seen by H a r r i s  (3) e t  a1 bu t  they o n l y  probed t o  
about 3 mm above burner  so they d i d  n o t  observe the f a l l  i n  C,H, and C,H, i n  the 
l a t e r  p a r t  o f  the f lame. M i l l e r  (2)  e t  a1 however undertook experiments up t o  
22.5 mm and a l s o  found s i m i l a r  p r o f i l e s  f o r  CO, 0, and H,. 

The mechanism o f  soot  f o rma t ion  from an ethy lene f lame invo lves  the format ion o f  
acetylene and i t s  po l ymer i sa t i on  t o  s i n g l e  and then m u l t i - r i n g  species. The 
subsequent growth o f  t h e  i n i t i a l  soot p a r t i c l e s  invo lves sur face growth i n v o l v i n g  
acetylene and polyaromat ic  species the r e l a t i v e  ex ten t  o f  them being subject  t o  
d i f f e r e n t  i n t e r p r e t a t i o n  (eg. 5,  8 and 9 ) .  I n  the f r e e  stream soot samples taken 
here the product  i n v o l v e s  soot p a r t i c l e s ,  sur face adsorbed PAH and gas phase PAH. 
However the deposi ted samples can on ly  con ta in  PAH associated w i t h  t h e  soot 
p a r t i c l e s  as adsorbed o r  growth species. The deposi ted samples are s i g n i f i c a n t l y  
d i f f e r e n t  t o  the f r e e  stream soot i n  t h a t  t he  dominant PAH species are the 4t 
r i n g  species and sma l le r  species are present  i n  lower  concentrat ions.  

The suggestion must be i m p l i c i t  i n  these f i n d i n g s  t h a t  the acety lene grows on the  
soot surface genera t i ng  m u l t i - r i n g  compounds the re  which u l t i m a t e l y  become p a r t  
o f  the soot p a r t i c l e .  During p y r o l y s i s  gc these compounds are desorbed as shown 
i n  the experimental r e s u l t s .  

CONCLUSIONS 

From t h e  r e s u l t s  i t  can be seen t h a t  as C H, i s  consumed C,H 

The depos i t i on  r a t e  o f  soot increases w i t h  he igh t  above the burner  sur face 
(up t o  20 mm) and sampling t ime (up t o  75 seconds). More soot i s  deposi ted 
as 4 i s  increased, but the re  seems t o  be a l i m i t  i n  t he  amount o f  soot  t h a t  
can be deposi ted rega rd less  o f  the method o f  depos i t i on  because o f  soot break 
o f f  a t  r e l a t i v e l y  l o w  loadings.  

There i s  evidence t h a t  thermophoresis i s  i nvo l ved  i n  soot depos i t i on  on t o  a 
cooled p l a t e  and t h a t  i t  i s  more dominant e a r l i e r  i n  t h e  f lame when soot 
p a r t i c l e s  are sma l le r .  The measured r a t e s  are cons is ten t  w i t h  the values 
ca l cu la ted  us ing t h e  model proposed by Make1 and Kennedy. 

Soot samples from t h e  uncooled metal p l a t e  con ta in  l a r g e  aromatic compounds 
w i th  4 and 5 and l a r g e r  r i n g s .  'The 4 = 2.52 had a h ighe r  concentrat ion o f  
some of  these compounds. 

Free stream soot samples conta in  a h ighe r  concen t ra t i on  o f  2 and 3 r i n g  
aromatics than deposi ted soot. Higher  concentrat ions o f  4 and 5 r i n g  
aromatics were found i n  the  deposi ted soot f o r  t he  same cond i t i ons .  This  
imp l i es  t h a t  these compounds are imp l i ca ted  i n  the soot growth mechanism. 
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